ABSTRACT
INTRODUCTION
Primitive meteorites contain several types of dust grains that condensed in stellar winds or in the ejecta accompanying stellar explosions, became part of the protosolar molecular cloud, and survived destruction in the early Solar System before incorporation into meteorites. These presolar grains are identified by their anomalous isotopic compositions, which cannot be explained by any known mass fractionation process in the Solar System and instead suggest different stellar origins (Zinner et al. 2014) . The mineral silicon carbide (SiC) is the best studied presolar grain phase because (1) it can be quite easily separated from bulk meteorites by acid dissolution ; and (2) SiC is predominantly formed in C-rich gas according to grain condensation calculations in stellar conditions (Lodders et al. 1995; Ebel & Grossman 2001) , so its formation in the generally O-rich (O/C>1) Solar System is rare; (3) Compared to other presolar mineral phases such as oxides (typically submicron in size), many SiC grains are relatively larger so that isotopic analysis of multiple elements can be made in each single grain.
Based on the measured isotopic compositions of a large number of elements, more than 90% of presolar SiC (mainstream grains) have been inferred to originate in winds from low-mass asymptotic giant branch (AGB) stars with close-to-solar metallicity Nittler 2003; Davis 2009; Zinner 2014 Zinner 2014 for details). The remaining 10% of presolar grains have been divided into isotopic sub-groups, including X and C grains from core collapse supernovae (CCSNe), Y and Z grains from low metallicity AGB stars, and AB grains, which possibly have multiple stellar sources (e.g., Alexander 1993; Nittler et al. 1996; Hoppe et al. 1997; Amari et al. , 2001a Pignatari et al. 2015, hereafter P15) . Relative to mainstream grains, Y and Z grains are more enriched in 30 Si and additionally, Y grains have 12 C/ 13 C ratios higher than 100. Although X and C grains both came from CCSNe with similar C and N isotopic compositions, X grains are enriched in 28 Zinner 2014 for details).
A small fraction of presolar SiC grains are characterized by extremely low 12 C/ 13 C and 14 N/ 15 N ratios and excesses in 30 Si relative to 29 Si (Amari et al. 2001b) . These rare presolar SiC grains are therefore called putative nova grains. A number of problems, however, are faced by nova models in explaining the grain data: (1) putative nova grains of different mineral phases including SiC, oxides, and silicates, all have much less anomalous isotopic compositions compared to nova ejecta that therefore needs to be highly diluted with isotopically normal (i.e., ~solar) material (>90%) to match the grain data (Amari et 9 Gyngard et al. 2010; Nittler et al. 1997; Leitner et al. 2012; Nguyen & Messenger 2014) ; (2) although thermodynamic equilibrium calculations predict that
SiC grains can condense in the innermost ejected shell of ONe novae (José et al. 2004 ), mixing with a large amount of solar-like composition material (C<O) would greatly lower the C/O ratio in nova ejecta, and consequently lower the possibility for SiC to condense during nova outbursts;
(3) CO novae are more abundant (70%-80%), and also more efficient in producing dust than
ONe novae (e.g., Gehrz et al. 1986 , Mason et al. 1996 , but most of the putative nova grains seem to be from ONe novae based on their Si isotope data (Amari et al. 2001b ). These difficulties therefore make it quite problematic to link 13 C-and 15 N-enriched grains to nova origins. On the other hand, it is important to point out that both C-and O-rich dust has been simultaneously observed in some novae (e.g., Gehrz et al. 1998) . Thus, the strong radiation from the underlying WD may cause the process of condensation to proceed kinetically rather than at equilibrium. Consequently, the strong role of the CO molecule in determining formation of Crich dust in reduced stellar environments (C/O>1) could be dramatically decreased (Shore & Gehrz 2004 ).
Interestingly, Nittler & Hoppe (2005) reported one 13 C-and 15 N-enriched SiC grain (M11-334-2) with excesses in 28 Si, 44 Ca, and 49 Ti that point towards a CCSN origin.
Consequently, this result suggests that the proton-capture nucleosynthesis associated with classical novae may also occur in some CCSNe, perhaps due to ingestion of H from the stellar envelope into underlying layers (e.g., P15 found in a majority of X grains (Nittler et al. 1996; Lin et al. 2010) . Thus, the initial 26 Al/ 27 Al and Ti isotope ratios can be used as diagnostic tools to distinguish CCSNe from novae. Limited by their extremely low abundances (<1%) and small sizes (<1 µm), most of the fewer than 10 putative nova grains in the literature were only analyzed for the isotopic compositions of their C, N, and Si (Amari et al. 2001b ). Magnesium-Al isotope ratios were only reported for four grains, and Ti isotope ratios for two grains, both of which had Ti isotope anomalies contradicting with a nova origin (Amari et al. 2001b; Nittler & Hoppe 2005) .
In this paper, we report C, N, and Si isotope data for 11 new putative nova grains and 
Experimental Methods
The SiC grains in this study were extracted from the Murchison meteorite by means of the CsF isolation method described by Nittler & Alexander (2003) . The grains were separated in size by sedimentation. Thousands of grains with typical diameter ~1 µm were dispersed on a high purity Au foil from a water suspension and further pressed into the Au with a flat sapphire disk. Nittler et al. (2006) , is also discussed here and included in Table 1 . This grain was found by automated C and Si isotopic measurements of 1550 Murchison
SiC grains with the Carnegie ims-6f ion probe (Nittler & Alexander 2003 ) and re-measured for C, N, Si, and Al-Mg by NanoSIMS, using similar methods to those described above. 
RESULTS

Putative
Al Contamination in Presolar SiC Grains
In previous studies, surface contamination has been found in presolar SiC grains for both major (e.g., C, N, Nittler & Alexander 2003) and trace elements (e.g., Sr, Ba, Liu et al. 2015) .
The most common practices to remove surface contamination include: (1) acid-cleaning grains prior to isotopic and elemental analysis (Liu et al. 2014 (Liu et al. , 2015 ; and (2) throughout NanoSIMS measurements (see Groopman et al. 2015 for calculations in detail). Thus, the "true" initial 26 Al/ 27 Al ratios should be 1.5−2 times higher on average than the values calculated using the standard approach (e.g., equation (2) of Nittler et al. 1997) . We also examined the depth profiles of Mg-Al isotope data for the ten grains reported in Table 1 and found similar "internal isochrones". These 13 C-and 15 N-enriched SiC grains, however, have extremely high 27 Al/ 24 Mg ratios (>500 in most of the cases), so the intercepts of the linear fits have large uncertainties, and the amounts of Al contamination therefore cannot be accurately determined for these grains using the method of Groopman et al. (2015) .
The grain GAB has the lowest 27 Al/ 24 Mg of the measured grains and its depth profile is shown in Fig. 2 
DISCUSSION
Stellar Origin of Type C2 Grains: CCSNe with Explosive H Burning
Nova Models Compared to Type C2 Grains
Carbon-13 is produced in stars by proton capture on preexisting 12 C followed by β-decay, Other types of stars that can produce low 12 C/ 13 C ratios include born-again AGB stars and J-type stars. Born-again AGB stars (Fujimoto 1977) are post-AGB stars that undergo a very late thermal pulse (VLTP, e.g., Sakurai's object). At this stage, the remnant star has only a thin residual H shell left that could be ingested into the convective He-rich shell during the VLTP, producing extremely low 12 C/ 13 C ratios. However, models of such stars predict large excesses in 14 N (Fig.10 of Herwig et al. 2011) and are thus unlikely as sources of the 13 C-and 15 N-rich SiC grains. J-type giants are C-rich stars that are mainly identified by their low 12 C/ 13 C and the absence of s-element enrichments (Abia & Isern 2000) ; their origin is poorly understood. Hedrosa et al. (2013) In addition to extra mixing processes occurring along the boundary of two convective zones caused by e.g., rotation (e.g., Meynet et al. 2006 ) and gravity waves (Arnett & Meakin 2011) , more tumultuous mixing events can occur in stars, such as shell mergers (e.g., Woosley & Weaver 1995; Rauscher et al. 2002) , and convective-reactive events following the ingestion of less processed material into hotter and deeper stellar zones (e.g., Herwig et al. 2014 ). For instance, Woosley & Weaver (1995) found that in one finely zoned 10 M ¤ model of solar metallicity, the He shell is fully convectively linked with the H envelope, which could possibly bring a large amount of H into the He/C shell in CCSNe. Similarly, Pignatari et al. (2013b) found that H is ingested into the He shell in a 25 M ¤ supernova model with solar metallicity.
Recently, P15 have qualitatively investigated the effect of H ingestion in the He shell material (e.g., Herwig et al. 2011; Stancliffe et al. 2011; Herwig et al. 2014; Woodward et al. 2015 ) and the presence of residual H during explosive He burning in the 25 M ¤ supernova model of Pignatari et al. (2013b) . In particular, during pre-supernova evolution, H was ingested in the He shell and shell convection was then turned off, allowing survival of the ingested H in the He shell. P15 adopted two sets of supernova shock models (T peak = 0.7×10 9 K at the bottom of the He-rich zone in model 25d, and T peak = 2.3×10 9 K in model 25T, with the latter reproducing the stellar condition of the 15M ¤ CCSN model 15d in Pignatari et al. 2013b) . The amount of H remaining from the pre-supernova evolution is varied from 1.2%(-H, the value predicted by the stellar model 25d), 0.12%(-H10), to 0.0024% (-H500) in the He shell. The predictions of these models for the He/C zone are compared to the 13 C-and 15 N-enriched presolar SiC grains from this study in Fig. 6 . Comparing the predictions of the -H500 (the least amount of H ingested) models with those of the other two models clearly indicates that explosive H burning greatly enhances the production of 13 C, 15 N, and 26 Al in the He/C zone.
Three of the four C2 grains have 12 C/ 13 C ratios lower than three, which can only be reached by the 25T-H and 25d-H models. Although Al contamination could lower the initial 26 Al/ 27 Al ratios estimated for the grains, the inferred amount of Al contamination found in most
SiC grains is only up to 65%, i.e., a factor of two higher at most (Groopman et al. 2015) , which generally agree with the amount of Al contamination found in the grain GAB, 20 −15 +60 % (Fig. 2b) . Figure 5 shows differences in the predicted Si and Ti isotopes of the CCSN models for the neutron burst zone. In the 25d-H to 25d-H500 models, no resolvable neutron burst zone can be found and these are therefore not shown. A neutron burst zone exists in the 25T-H500 model, but there is a limited amount of H ingestion and the effect of proton-capture nucleosynthesis is negligible (Fig. 5) . Differences are found between P15 and W&H07 model predictions in Fig. 5 In the following Sections, we first examine if classical nova models can explain the grain data. If not, the possibility of explaining these isotopic signatures by CCSNe will be discussed. We remind the readers that C-rich J-type stars also remain a possibility as the stellar site of putative nova grains. However, due to the lack of knowledge about the origin and detailed nature of these stars, nothing is known about isotopic signatures of elements other than C and N (astrophysical observations, e.g., Abia & Isern 2000) in them. In addition, recent observations of Nova Vul 1670 showed that the object is best explained as the remnant of a merger of two stars that were surrounded by an outflow in the form of O-rich molecular gas that was extremely enriched in 13 C and 15 N ( 12 C/ 13 C~2, 14 N/ 15 N~3, Kamiński et al. 2015) .
Constraints on the Neutron Burst Environment during Explosive H Burning
Although events exactly like Vul 1670 are unlikely to be the progenitors of putative nova SiC grains because of its oxidized environment, it remains an open question if there exist C-rich
Vul 1670 like objects that are enriched in 13 C and 15 N that could be the progenitors of putative nova grains.
Putative Nova Grains versus Nova Nucleosynthesis
A comparison of putative nova grains and nova models was given by Amari et al. (2001b) . The new putative nova grains in our study span the same range as previous grains for C, N, and Si isotopic compositions (Fig. 1) , so the reader is referred to Amari et al. (2001b) 29 Si as observed in putative CO nova grains. As a result, the possibility of grains from CO novae mitigates one of the difficulties in linking putative nova grains to novae (problem 3 discussed in Section 1), but thermodynamic calculations for the innermost shell of CO novae predict that SiC cannot be condensed in such oxidized environment (José et al. 2004 ).
Condensation calculations including kinetic effects and mixing among different shells of CO novae, however, are needed to fully investigate this issue.
More importantly, none of the nova models can explain the 34 S anomalies found in two putative nova grains (G270_2 & Ag2_6). As shown in Fig. 1 of José et al. (2012) , the protoncapture path cannot reach the S mass region in novae with white dwarf masses lower than 1.35 M ¤ , so that S isotope abundances are barely affected by lower-mass nova nucleosynthesis. In (Fig. 7b) . In addition, neutron-rich isotopes cannot be made in novae because nova nucleosynthesis is dominated by proton-capture and β + decay (Fig. 2 decay as argued for the C1 and C2 grains from CCSNe. Thus, the isotopic compositions of grains G270_2 and Ag2_6 seem to be inconsistent with predictions of classical nova nucleosynthesis.
However, it is noteworthy to point out that the production of S isotopic abundances is still affected by nuclear uncertainties, e.g., the treatment of the 34 Cl ground and isomeric nuclear states (e.g., Coc et al. 2000) . Furthermore, these nova nucleosynthetic models are all based on 1D hydrodynamic model calculations that cannot predict asymmetries during nova outbursts and do not account for the effect of rotation. Thus, the mismatch with the multi-element isotopic data by 1D nova model predictions could also indicate incorporation of products from regions with varying nucleosynthetic environments within the nova ejecta during a single nova outburst (similar to the discussion for CCSNe in Section 4.1.4). Thus, multi-dimensional hydrodynamic calculations of nova outbursts (e.g., Casanova et al. 2011 ) are needed to confirm the mismatch of nova model predictions with the isotopic compositions of G270_2 and Ag2_6.
Putative Nova Grains versus CCSN Nucleosynthesis
In Fig. 6 , predictions for explosive H burning events in CCSNe are overlapped with most of the putative nova grain data, if one considers variations in the peak temperature and peak density during explosions, the amount of ingested H, and the percentage of mixed H envelope material. This demonstrates the strong similarities between explosive H burning events in novae and CCSNe. Thus, many isotopic signatures can be diagnostic for both stellar sources. The explosive H ingestion scenario in CCSNe, however, at the moment has many advantages over classical novae in explaining the putative nova grain data: (1) Explosive H burning in CCSNe only affects a thin shell of the He/C zone, and mixing with a large amount of isotopically closeto normal material should be a natural consequence of grain condensation during explosions. In contrast, a mechanism for mixing such a large amount of normal material with pure nova ejecta has not been identified; (2) A C-rich environment is obtainable by mixing explosive H ingestion products with extended He-shell layers and more external H-rich material. The main prerequisite for SiC formation (C>O) can therefore be satisfied.
While S isotopic anomalies cannot be explained by models for low-mass novae (<1.35 M ¤ ), the negative δ 34 S/ 32 S values of grains G270_2 and Ag2_6 could be matched by local mixing between the He/C zone and zones with 28 Si, 32 S excesses in CCSNe (Fig. 8) .
Traditionally, the Si/S zone of the classical W&H07 models was considered as the only zone with large excesses in 28 Si and 32 S because of alpha captures. Pignatari et al. (2013b) have recently shown that increased shock velocities and consequently higher peak temperatures can result in efficient α-capture at the bottom of the He/C zone, and a C/Si zone can be formed there. The 25T-H model predicts such a C/Si zone (blue circles in Fig. 8 ), which lies below the 13 C-and 15 N-enriched shells. As shown in Fig. 8 , local mixing between the He/C and C/Si zones can explain both the 34 S depletion (or 32 S excess) and 30 Si excesses of G270_2 and Ag2_6. Thus, the state-of-the-art model calculations suggest that grains G270_2 and Ag2_6 might have originated from CCSNe. Negligible amounts of 32 Si are produced in the He/C zone (Fig. 5 ) and the C/Si zone of the 25T-H model, so the negative δ 34 S/ 32 S values cannot be explained by 32 S excesses from radioactive 32 Si decay in this scenario.
Finally, the stellar origin of 15 N-enriched AB grains is even more ambiguous than that of the putative nova grains. J-type stars, CCSNe with H-ingestion, and CO novae are all possible stellar sites, whilst the CO novae are less favored because of the oxidized stellar environment, which make it less likely for SiC to condense. It should also be noted that there are consistent This seems to indicate that 15 N-enriched AB grains are carriers of weaker proton-capture processes compared to putative nova grains.
Additional Evidence for Presolar Dust Grains from Novae?
Novae can produce significant amounts of 22 Na with a half lifetime of 2.6 yr, which could be incorporated into condensing SiC grains where it would decay in situ to 22 Ne (Starrfield et al. 1997 ). Heck et al. (2007) (Gyngard et al. 2011; Leitner et al. 2012; Nguyen & Messenger 2014 (Hoppe et al. 1994 (Hoppe et al. , 1996 Amari et al. 2001a; Huss et al. 1997) , and eight putative nova grains Amari et al. 2001b; Nittler & Hoppe 2005) Regression) method is a linear least-squares fitting that minimizes scatter orthogonal to the best fit line and considers uncertainties in both x-axis and y-axis for each data point.
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